Abstract Approximately 10% to 15% of women with metastatic breast cancer will develop brain metastases. Treatment options for these women remain limited, particularly at the time of central nervous system (CNS) relapse following completion of initial CNS-directed therapy. Historically, prior studies have broadly examined systemic treatments for breast cancer brain metastases with mixed, but overall disappointing, results. More recently, studies have increasingly selected patients based on breast cancer subtype and have examined novel, targeted agents that have preclinical suggestion of blood-brain barrier penetration. Correlative science objectives, with both tissue-based and novel imaging endpoints, are more frequently incorporated into trials of this nature, with the goal of enhancing our understanding of possible predictors of response. This review summarizes the current and emerging data on systemic therapy for breast cancer brain metastases and provides a framework for future directions in treating this clinically-challenging entity.
Introduction
Brain metastases from breast cancer are the second most common cause of central nervous system (CNS) metastases [1] , and approximately 10% to 15% of patients with metastatic breast cancer will eventually develop CNS disease [1] [2] [3] [4] . Patients with triple negative or human epidermal growth factor receptor 2 (HER2)-positive cancers [5] [6] [7] have a particularly high rate of CNS metastases; other risk factors for development of CNS disease include young age, African American ancestry, visceral involvement, and highgrade disease [1, 8] .
CNS disease may become a sanctuary site for some women with HER2-positive metastatic breast cancer [9] . This has become particularly evident in women who experience prolonged control of systemic disease as a result of improvements in agents that do not cross the blood-brain barrier (BBB), such as trastuzumab. As indirect evidence for this, whereas older case series have reported median survival times of less than 6 months once women with HER2-positive disease experience CNS recurrence [8, 9] , more recent analyses have observed median survival times approaching 2 years [10, 11] . In addition, a recent update from the joint analysis of the North Central Cancer Treatment Group (NCCTG) N9831 Intergroup trial and the National Surgical Adjuvant Breast and Bowel Project (NSABP) B-31 trial reported a numerically higher rate of CNS relapse for women who received adjuvant trastuzumab despite a lower overall disease event rate in the trastuzumab-containing arms. However, rates of CNS events were low in both N9831 and B-31 (1.6%-2.0% in chemotherapy alone arms vs 3.0%-3.1% in trastuzumabcontaining arms) [12] .
Women with metastatic triple negative breast cancer may have even higher rates of CNS involvement. In a case review of 116 women at Dana-Farber Cancer Institute (Boston, MA) with triple negative metastatic disease, 14% of women developed CNS disease as their initial site of recurrence and 46% of women developed CNS metastases before death [13] . Unfortunately, median survival times remain short in this subset of women, with most series reporting less than 6 months from onset of CNS disease until death [10, 13•, 14-16] .
Although the standard, up-front approach for treatment of CNS disease across all breast cancer subtypes typically includes surgery, radiation, or a combination of local therapy modalities, systemic therapy has become an increasingly appealing option because of the potential ability to avoid or delay whole brain radiation therapy (WBRT) and its associated complications while concurrently treating systemic disease. Moreover, studies have illustrated that the addition of systemic therapy, both chemotherapy and targeted agents, following WBRT translates into improved survival, particularly among patients with endocrine sensitive and HER2-positive breast cancer brain metastases [17] . However, as no systemic therapy has been approved by the US Food and Drug Administration (FDA) for the treatment of breast cancer brain metastases, this clinical entity presents a significant treatment challenge for providers, particularly when CNS relapses occur. This review summarizes the emerging data on systemic therapy of breast cancer brain metastases.
Overview of Local Therapies to Treat Breast Cancer Brain Metastases
Although systemic therapy certainly plays an integral role in the treatment paradigm for patients with breast cancer brain metastases, local therapy, including surgery, radiosurgery, and WBRT, is paramount in the initial and subsequent management of metastatic brain tumors [18] . There are many variables to consider as one embarks on an initial treatment plan, including prognostic factors, patient preference, status of systemic/extracranial disease, number, size and/or location of metastases, time from initial diagnosis to development of brain metastases, and expertise available at the treating center. In general, patients with solitary brain metastases can be considered for upfront surgical resection or radiosurgery depending on resectability of the lesion, often followed by WBRT (http://www.nccn.org). This approach has translated into improved survival for patients with solitary brain metastases compared to WBRT alone across several solid tumor types [19, 20] . More recently, studies have explored the efficacy and safety of neurosurgery and/or radiosurgery followed by observation or WBRT among patients with one to three brain metastases in effort to avoid the long-term consequences, namely neurocognitive decline, of WBRT. In general, these studies have illustrated higher rates of intracranial recurrence/relapse with similar to improved neurocognition/functional independence for those treated with observation versus WBRT following upfront neurosurgical resection or radiosurgery [21] [22] [23] . Overall survival has been similar between both groups. For patients with multiple brain metastases or uncontrolled extracranial disease, WBRT as a single modality remains the recommended treatment strategy. The complexity of upfront management of metastatic breast cancer to the CNS requires a multidisciplinary approach, including input from multiple subspecialties such as neuroradiology, neurosurgery, radiation oncology, and medical oncology.
Chemotherapy for Treatment of Breast Cancer Brain Metastases
Until recently, clinical trials for patients with CNS recurrence have typically included administration of standard chemotherapy agents, as single agents or in combination, to patients with a variety of solid tumors (including breast cancer) or to women with breast cancer in a non-subtype-specific manner. Past treatment trials for women with breast cancer brain metastases have examined efficacy of treatments such as temozolomide [24] [25] [26] [27] , capecitabine-temozolomide [28] , topotecan [29] , liposomal doxorubicin-temozolomide [30] , cisplatin-etoposide [31] , and cisplatin-temozolomide [32] . Response rates in these studies have ranged from 0% to 38%, with progression-free survival (PFS) times of 0 to 6 months (Table 1) . One additional study in Singapore attempted to administer liposomal doxorubicin to patients with breast cancer and recurrent CNS disease but terminated prematurely due to slow accrual. Case series and case reports in breast cancer brain metastases have also described mixed results with combination therapies such as cyclophosphamidemethotrexate-5-fluorouracil [33] , cyclophosphamidedoxorubicin-5-fluorouracil [33] , cyclophosphamide-5-fluorouracil-prednisone [34] , doxorubicin-cyclophosphamide [34] , paclitaxel [35] , and carmustine-methotrexate [36] . However, the small sample sizes and tumor heterogeneity included in these studies have limited their impact and applicability in clinical practice.
A notable combination therapy specifically for patients with breast cancer brain metastases is that of temozolomideirinotecan. A phase II study enrolled 17 patients with progressive brain metastases or leptomeningeal disease after receipt of WBRT who were treated with irinotecan 125 mg/m 2 every 14 days and temozolomide 100 mg/m 2 on days 1 to 7 and 15 to 21 [37] . Median time to progression in the CNS was 11.5 weeks (range, 4-63 weeks) for all patients; 16 weeks (range, 8-63 weeks) for those with brain metastases only, and 4.5 weeks (range, 4-10 weeks) for those with leptomeningeal disease. One patient had a partial response in the brain at week 46, and a second patient maintained stable disease for 56 weeks. Adverse events were mild and included grade 1 to 2 neutropenia, diarrhea, [38] [39] [40] . Sagopilone is an epothilone that is not a substrate of P-glycoprotein and readily crosses the BBB in preclinical studies [41, 42] , with preliminary activity initially reported in gliomas [43, 44] . In a single center phase II study, sagopilone was administered at 16 mg/m 2 or 22 mg/m 2 every 21 days to patients with progressive brain metastases from breast cancer of any subtype [45] . Although two patients achieved a partial response (13.3%), the trial prematurely closed to accrual after 15 patients enrolled because of short PFS duration (median of 1.4 months) in addition to the evolving, somewhat disappointing data with regard to sagopilone monotherapy for treatment of systemic disease [46] . As previous work suggested that CNS vessel tortuosity observed with malignancy may normalize when cancers respond to treatment [47, 48] , this trial also incorporated correlative imaging studies with high-resolution magnetic resonance angiography (MRA). Although the small sample size did not allow for conclusions to be drawn regarding these correlative analyses, similar correlative analyses in a larger patient cohort have been incorporated into an ongoing study with carboplatin and bevacizumab at the Dana-Farber Cancer Institute (NCT01004172).
Patupilone, a natural epothilone B, has shown more promising results for treatment of CNS disease. In a preliminary report of 38 patients with progressive breast cancer brain metastases who received patupilone 10 mg/m 2 every 21 days, 13% of women (n05) experienced a partial response in the CNS and 5 additional patients experienced stable disease. The three-month PFS in the CNS was 37% [49] , reaching the threshold to proceed with further study of this agent for this population.
In addition to the epothilones, ANG1005 (now known as GRN1005, GERON) is a novel angiopep-2-paclitaxel conjugate formulated to cross the BBB by binding the LRP-1 receptor (low-density lipoprotein receptor-related protein) located on the BBB. In preclinical models, administration of ANG1005 resulted in higher intracranial tumor paclitaxel content when compared to that of standard paclitaxel administration [50] . A phase I trial of ANG1005 has also recently completed accrual for patients with solid tumors (25% [14/56] , breast cancer), with and without brain metastases. A maximum-tolerated dose was established and preliminary efficacy (both intra-and extracranially) and safety results were promising [51] . In addition, a phase I trial of ANG1005 in patients with malignant gliomas suggested activity [52] , and future study in the setting of solid tumor brain metastases is anticipated.
HER2-Directed Therapy
Few prospective studies have examined administration of systemic, targeted therapy to treat women with HER2-positive breast cancer brain metastases. The largest study reported to date was a multicenter study in which lapatinib, an oral epidermal growth factor receptor (EGFR)/HER2-inhibitor, was administered to women with progressive CNS disease [53•] . Of the 242 patients enrolled in the study, 6% experienced an objective response rate (ORR) in the CNS (95% CI, 3.6-10.2), defined by presence of the following composite criteria: 1) ≥ 50% volumetric reduction of CNS lesion(s), 2) absence of increasing steroid use, 3) absence of progressive neurologic symptoms, and 4) absence of progressive extracranial disease. Of the 50 patients who were offered extension phase therapy with lapatinib and capecitabine at progression, 20% experienced an ORR and 40% experienced at least a 20% volumetric reduction in CNS disease. Although the observed ORR for lapatinib monotherapy was modest, this study demonstrated that administration of lapatinib with chemotherapy partners such as capecitabine may enhance efficacy. In addition, this trial demonstrated that large, prospective studies in this patient population are feasible.
A second study has demonstrated the efficacy of lapatinib and capecitabine in the setting of progressive CNS disease. In a phase II study of lapatinib in combination with topotecan or capecitabine for women with progressive, HER2-positive breast cancer brain metastases, 22 of a planned 110 patients were enrolled before study closure due to excessive toxicity and lack of efficacy in the lapatinib and topotecan arm (0 responses). However, in the capecitabine and lapatinib arm, 38% of women experienced a partial response (PR) (95% CI, 13.9-68.4) [54] .
These data have been further reinforced by recently presented data from the LANDSCAPE trial [55•] . In this study, 45 women with radiation therapy-naïve, clinically stable, HER2-positive breast cancer brain metastases received lapatinib at 1,250 mg/day and capecitabine at 2,000 mg/m 2 / day, on days 1 to 14 of a 21-day cycle. The CNS ORR was 67% (95% CI, 51%-81%), using Lin et al.'s [53•] criteria for response, median time to WBRT was 8.3 months (95% CI, 5.1-11.7 months), and median time to progression was 5.5 months (95% CI, 3.9-5.9 months). The most common side effects were diarrhea and hand-foot syndrome in 20% of patients. Correlative analyses of the predictive abilities of circulating tumor cells were also included [55] . Although further comparison of first-line CNS-directed therapy certainly is warranted, these results provide a new treatment option for a select group of women with newly diagnosed HER2-positive breast cancer brain metastases who are clinically stable and wish to delay upfront WBRT.
Additional studies have evaluated HER-2 directed therapy as a radiosensitizer, combining local and systemic therapy as a way to enhance brain metastases response. A phase I study investigated the combination of lapatinib in combination with WBRT for patients with at least one new or progressive HER2-positive brain metastasis. Thirty-five patients received 750 mg of lapatinib orally twice daily on day 1, followed by 1,000 mg, 1,250 mg, or 1,500 mg once daily. WBRT (37.5 Gy in 15 fractions) was started 1 to 8 days after lapatinib initiation, and lapatinib was continued throughout WBRT. After completion of WBRT, patients received trastuzumab 2 mg/kg weekly and lapatinib 1,000 mg once daily. At 2 months, the ORR in the CNS was 70% (95% CI, 50%-86%) by predefined volumetric criteria. Despite this observed efficacy, the trial did not meet the predefined criteria for feasibility because 7 of 27 patients experienced doselimiting toxicities, most commonly rash and diarrhea [56] . Although this treatment combination is still of great interest when considering future trial design, rigorous safety monitoring and a more tolerable dosing schedule would be required.
A second phase I study was recently completed at Jules Bordet in Belgium, in which temozolomide and lapatinib were administered at varying doses to patients with HER2-positive breast cancer brain metastases that either recurred after local therapy or were previously untreated. The primary endpoint of this study was to determine the maximum tolerated dose of this treatment combination. After enrollment of 17 patients, a dose-limiting toxicity was observed at the combination of lapatinib 1,500 mg/day and temozolomide 200 mg/m 2 (days 1-5), with an ongoing extension to six patients at this dose level. On preliminary efficacy analyses, 4 of 13 evaluable patients experienced volumetric reduction of their largest CNS lesion, with a median PFS of 2.79 months (95% CI, 1.8-3.6) and an OS of 10.9 months for all 17 women. Final results from this study are forthcoming [57] .
A summary of the available data for protocols targeting HER2-positive disease is provided in Table 2 .
Ongoing and Planned HER2-Directed Studies
Multiple studies are planned and/or ongoing for women with HER2-positive breast cancer brain metastases. This includes a single institution study at Dana-Farber Cancer Institute that is ongoing and will enroll 40 patients with progressive HER2-positive or HER2-negative CNS disease. In this study, patients will receive carboplatin and bevacizumab on an every 21-day cycle with concurrent trastuzumab if HER2-positive. Correlative studies include an examination of CNS vessel tortuosity and response using MRA, the association of survival and circulating tumor cell count, and the possible associations of vascular endothelial growth factor receptor genotype with toxicity and response (NCT01004172).
A second multicenter trial being led by investigators at the University of North Carolina will evaluate the efficacy and safety of the mTOR (mammalian target of rapamycin) inhibitor RAD001 (everolimus, Novartis) in combination with vinorelbine and trastuzumab to treat patients with progressive HER2-positive breast cancer brain metastases (NCT01305941). All patients will have received prior WBRT and/or radiosurgery. Interestingly, RAD001 has been approved by the FDA to treat patients with intracranial subependymal giant cell astrocytoma (SEGA) tumors associated with tuberous sclerosis who are not candidates for neurosurgical resection.
Finally, a multicenter, phase II study of neratinib, an oral irreversible-binding inhibitor of the erbB family of receptor tyrosine kinases that inhibits signal transduction through erbB1 (EGFR), HER2, and erbB4, will soon open through the Translational Breast Cancer Research Consortium. This trial will enroll 40 women with progressive, HER2-positive breast cancer brain metastases in addition to 5 patients who are surgical candidates for craniotomy (with no history of previous CNS-directed therapy). These five patients will receive neratinib preoperatively and will have intracranial specimens and cerebrospinal fluid examined at surgery to determine drug concentrations in relation to plasma. This novel approach will provide direct in vivo data on penetration of neratinib into the CNS. Neurocognitive testing will be administered to all patients on study and circulating tumor cell studies have also been incorporated to examine potential predictors of survival and response.
Other related studies have focused on the development of CNS disease as an endpoint among women with HER2-positive breast cancer who are known to be at higher risk for brain metastases. One such study is currently randomizing women with HER2-positive, metastatic breast cancer without CNS involvement to receive lapatinib plus capecitabine or trastuzumab plus capecitabine (NCT00820222). This study aims to enroll 650 women from multiple centers worldwide with the primary endpoint of CNS disease as the first site of relapse. The Adjuvant Lapatinib And/Or Trastuzumab Treatment Optimization (ALTTO) study has also included development of brain metastases as a first site of recurrence as a secondary endpoint, with results forthcoming.
Antiangiogenic Therapy
As both primary brain tumors and brain metastases are highly vascular lesions, antiangiogenic agents present an attractive therapeutic strategy. Interestingly, all (n022) patients with progressive HER2-positive breast cancer brain metastases included in a study of lapatinib monotherapy were found to have abnormal vessel tortuosity at baseline via brain MRA CNS central nervous system; WBRT whole brain radiation therapy [58] . At present, bevacizumab (Avastin, Genentech/Roche), a monoclonal antibody that targets vascular endothelial growth factor (VEGF), is FDA-approved to treat aggressive primary brain tumors, namely glioblastoma multiforme (GBM). The activity of bevacizumab in primary brain tumors [59] and in metastatic breast cancer [60] has prompted an ongoing phase II study evaluating carboplatin plus bevacizumab (plus trastuzumab if HER2-positive) in the setting of progressive breast cancer brain metastases (NCT01004172), as described above. Although retrospective studies have reported low rates of intracranial hemorrhage among patients with solid tumors (including breast cancer) and brain metastases treated with bevacizumab (1%-3%), the results of this study, including both safety and efficacy, are eagerly awaited [61] . Although the concept of antiangiogenic therapy as a radiosensitizer has been explored, a study evaluating the small molecule inhibitor of VEGF, cedirinb (AZD2171), in combination with WBRT closed after only three patients enrolled due to slow accrual (NCT00937482).
Other Novel Agents and Ongoing Trials
Given the potential to improve outcome for women with breast cancer brain metastases through careful selection of systemic therapy in concert with established local therapies, brain permeability of many of the emerging and novel therapies pertinent to the treatment of breast cancer is of great interest, both in the preclinical and clinical arenas. Such an example includes the PARP (poly-ADP-ribose polymerase) inhibitor ABT-888 (veliparib, Abbott) which has been shown in preclinical studies to penetrate the BBB in an intracranial glioma model [62] . Presently, a phase I study is evaluating the maximum tolerated dose of ABT-888 in combination with conventional WBRT to treat patients with solid tumors metastatic to the brain (NCT00649207). In addition, the efficacy and tolerability of the novel anticancer agent BSI-201 (iniparib, BiPAR Sciences/Sanofi-Aventis) in combination with irinotecan is being examined in a phase II, multicenter study enrolling patients with progressive triple negative breast cancer brain metastases (NCT01173497) [63] . Finally, a recent report illustrates a high rate of Phosphatidylinositol 3-Kinase (PI3K) pathway activation among a panel of breast cancer brain metastases tissues [64] . Given that there are many PI3K inhibitors in clinical development, some of which cross the BBB, targeting this pathway to treat patients with breast cancer brain metastases is also of great interest.
Conclusions
Treatment of brain metastases from breast cancer remains a significant clinical challenge, particularly due to the diversity of patients who develop recurrent disease across the breast cancer subtypes, the variation in the status of extracranial disease, receipt of and sensitivity to prior anticancer agents, and the ranges in overall survival. As our ability to control systemic disease continues to improve, CNS recurrence from breast cancer will likely be an increasingly common clinical challenge, particularly for patients with advanced HER2-positive and triple negative breast cancer. Prior experiences illustrate that that multicenter studies, particularly targeting a specific breast cancer subtype, are feasible. This approach allows for enhanced accrual, incorporation of multiple scientific questions and collaboration, and the potential for prospective, randomized studies that have been lacking in this patient population. Although there are multiple opportunities for administration of systemic therapy to treat patients with breast cancer brain metastases, the optimal timing remains uncertain. As evidenced by the aforementioned data, multiple approaches have been investigated including administration of systemic therapy 1) after standard (local) therapy, 2) as up-front therapy in select cases, and 3) as radiation sensitizers. To ascertain the ideal approach, we should strive to select our study populations carefully and to incorporate relevant correlative science objectives into our clinical trial designs such that we can most optimally achieve durable responses, understand predilection to the CNS, and possible predictors of response. Additional areas for ongoing and future study include investigating ways to enhance intracranial radiographic response assessment, improving prediction of patients at highest risk for brain metastases, and developing possible prevention strategies. The ability to adequately address each of these challenges to improve outcomes for women with breast cancer brain metastases will most certainly require a united approach and multidisciplinary team with expertise in local and systemic therapies, as well as basic, translational, and clinical investigation. 
